Background. Patients heterozygous for mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene may be more susceptible to respiratory infections than the general population.
information, diagnosis codes, procedure codes, dates of service, and outpatient pharmacy data, including fill dates and drug-days supplied. This study was approved by the University of Iowa Institutional Review Board (HawkIRB #201606825).
Identification of Cystic Fibrosis Carriers and Control Patients
We identified likely CF carriers (CFTR heterozygotes) using 5 approaches: (1) identifying people diagnosed as CF carriers in the course of genetic counseling, (2) identifying the parents of children with a diagnosis of CF, defined by ICD-9 code 277.0X during either an outpatient or inpatient visit, (3) identifying children of mothers diagnosed with CF (we did not include fathers because of the extremely high infertility rates among men with cystic fibrosis), (4) identifying children of parents diagnosed as CF carriers in the course of genetic counseling, (5) identifying parents of children diagnosed as gene carriers in the course of genetic counseling. For all CF carriers, we confirmed that they did not have a diagnosis code for CF (277.0X) during the study period. Individuals in these categories are not uniformly likely to be CF carriers; although groups 1-3 are very likely to be CFTR heterozygotes, people in groups 4 and 5 have a 50% likelihood of being heterozygotes. We expect both groups to have a much higher incidence than the 3%-5% rate in the population at large. We identified 1 highly likely group, using approaches 1-3, as described above, for a sensitivity analysis.
Identified potential carriers were each matched to a single, randomly selected control. Control patients were matched on total follow-up time (discretized to 6-month intervals), gender, state of residence (Iowa or South Dakota), and birth year (to within 1 year).
Assessment of Respiratory Infection Diagnosis and Antimicrobial Agent Prescribing Among Cystic Fibrosis Carriers and Controls
We defined respiratory infections among both CF carriers and controls as the presence of a claim with a primary diagnosis consisting of 1 of the following ICD-9CM codes: 481 pneumococcal pneumonia; 482 other bacterial pneumonia; 483 pneumonia due to other specified organism; 484 pneumonia in infectious diseases classified elsewhere; 485 bronchopneumonia, organism unspecified; 465 acute upper respiratory infections of multiple or unspecified sites; 466 acute bronchitis and bronchiolitis; 461 acute sinusitis; 473 chronic sinusitis; 490 bronchitis NOS; 491 chronic bronchitis NEC. We calculated the number of different respiratory infections for both CF carriers and controls. We chose these conditions based upon respiratory infections commonly experienced by patients with CF. In addition, we categorized each of these different respiratory infections into 4 distinct groups using the codes above: pneumonia (481-5), upper respiratory infections-unspecified (465), sinusitis (461, 473), and bronchitis (466, 490, 491).
We also examined outpatient prescription use of antimicrobials among cases and controls. Prescription medications were identified through National Drug Codes from the proprietary Multum Lexicon Database on outpatient prescription claims. We examined the number of specific prescriptions commonly used to treat respiratory infections among both likely CF carriers and controls for the following antimicrobials: amoxicillin, amoxicillin-clavulanate, azithromycin, cefdinir, cefprozil, cefuroxime, clarithromycin, levofloxacin, and moxifloxacin. We did not include antimicrobials commonly used to treat both respiratory infections and other infections (eg, doxycycline).
Because people with CF are highly susceptible to respiratory infections, parents of children with CF might exhibit health-seeking behavior; they might be more likely to visit health care care providers. This would artificially increase the number of respiratory visits for these parents even if they do not suffer from more respiratory visits than non-CF carriers. Thus, as a test of health care-seeking behavior, we also examined visits for urinary tract infections (UTIs; code: 599.0) for both cases and controls. We also examined hospitalizations with respiratory diagnoses because these are less subject to patient preferences.
We used the Charlson Comorbidity Index to measure underlying comorbidity among cases and controls. Comorbid conditions were considered "present" if the corresponding ICD-9 code was listed as a primary diagnosis on at least 1 claim during the follow-up period of the patient. The Charlson Comorbidity Index was computed using the "icd" package, version 2.2, for R, version 3.3.2 [17, 18] .
Statistical Analyses
For all outcomes of interest (respiratory diagnoses, hospitalizations, antibiotic prescriptions) and ancillary/sensitivity outcomes (UTIs, comorbidities), we computed incidence rates in units per 100 000 person-years for case and control groups, as well as average outcomes in each group. We formally compared the carrier-enriched group with controls in 2 ways. First, we considered binary outcomes (presence vs absence of each outcome) and estimated a paired odds ratio, confidence interval, and associated hypothesis test using McNemar's test for paired data. Second, we considered numeric outcomes (the number of claims for each outcome). To test the null hypothesis that the median difference between case and control claim numbers was equal to 0 given our paired data, we used the sign test. This procedure is not sensitive to outliers, which can have a large impact on means and incidence rates, and is based on the proportion of non-tied pairs in which the case pair had a greater count.
To examine whether these results remained consistent for those cases in which we had the highest diagnostic confidence, we reran our analysis on the cases at most risk of being CFTR carriers: subjects diagnosed as CF carriers in the course of genetic counseling, subjects identified as parents of children with a diagnosis of CF, and subjects who were children of mothers diagnosed with CF.
All analyses were performed using the R statistical computing environment, version 3.3.2, whereas SAS, version 9.4, was used for data processing and interaction with the claims database. Hypothesis tests were conducted at the .05 level, and both confidence intervals and P values are provided. We note that, under the global null hypothesis, we would expect an average of 0.9 type 1 errors per table (each contains 18 hypothesis tests).
RESULTS
We identified 1024 potential cases from among more than 230 million claim records and 2 million unique patients insured between 2003 and 2014. Appropriately matched controls were obtained for 1011, approximately 98.7% of patients. Most of the matched pairs (89.7%) were followed for more than 12 months. The population was evenly divided between males and females (52.4% of matched pairs identified as female). Patients' age ranged from 4 to 78 years, with 80% between 10 and 56 years of age.
The largest numbers of cases were identified as parents of children diagnosed with CF (n = 409), followed by children of mothers with CF (n = 198). Fewer patients were identified directly by genetic testing (n = 162), as the child of a diagnosed gene carrier (n = 132), or as the parent of a diagnosed gene carrier (n = 125). These groups are not mutually exclusive. However, overlap was not common across groups, with only 15 patients matching to more than 1 group.
Considering the binary outcomes, case patients were significantly more likely to have at least 1 respiratory infection claim (odds ratio [OR], 1.28; P = .020). On a more granular level, case patients were more likely to have at least 1 claim with any upper respiratory infection (OR, 1.28; P = .021), sinusitis (OR, 1.29; P = .0183), bronchitis (OR, 1.24; P = .048), or a respiratory hospitalization (OR, 1.83; P = .049), but not pneumonia (OR, 2.14; P = .136) or UTI (OR, 1.14; P = .35). We did not detect significant evidence overall that cases were prescribed at least 1 antibiotic more frequently than controls (OR, 1.24; P = .057); however, cases were significantly more likely to have a claim for amoxicillin clavulanate (OR, 1.27; P = .030) or cefdinir (OR, 1.41; P = .014). The full results are presented in Table 1 .
Considering the continuous outcomes, case patients had a higher median number of respiratory infection-related claims (53.6%; P = .043) and respiratory hospitalizations (64.7%; P = .049). Within respiratory infection subgroups, case patients had significantly more bronchitis claims than control patients (55.2%; P = .034). We did not detect a difference in the odds of pneumonia, upper respiratory infection, sinusitis, or UTIs between cases and controls. Cases had almost 1 more prescription on average than controls (4.46 vs 3.64), but this result was not significant (53.5%; P = .053). Significantly more prescriptions were detected among cases for those antibiotic agents with the most prescriptions: amoxicillin-clavulanate (57.1%; P = .004) and cefdinir (58.2%; P = .014). Table 2 presents a complete summary of these results.
In the high-risk subgroup analysis, despite the smaller sample size, the results were similar to the large group; these are presented in Tables 3 and 4 . Many of the same significant trends were detected, and the point estimates were more extreme. Cases in this group were more likely to experience a respiratory infection (OR, 1.30; P = .028) or a respiratory hospitalization (OR, 0.25; P = .025) and experienced higher numbers of respiratory infections (54.3%; P = .039) and hospitalizations (0.69; P = .024). In addition, unlike the larger group, we detected a significant increase in the odds of having an antibiotic prescription (OR, 1.36; P = .018), a higher number of antibiotic prescriptions (54.3%; P = .035), and a diagnosis of pneumonia (OR, 5.00; P = .043). Cases were more likely to have a diagnosis of bronchitis than controls (OR, 1.35; P = .016). They were not more likely to have a UTI claim (OR, 1.16; P = .36) or higher numbers of UTI claims (54.8%; P = .20).
DISCUSSION
Our results demonstrate that CF carriers were at substantially greater risk of having more respiratory infections compared with both age-and sex-matched controls. In addition, CF carriers were substantially more likely to be prescribed a greater number of antimicrobials commonly used to treat respiratory infections. Finally, when we analyzed the subgroup most likely to be CF carriers, despite a substantially smaller sample, we still found a higher risk of more respiratory infections and more antimicrobial prescriptions compared with controls. Given the high prevalence of CF carriers (approximately 1 in 25 people of Northern European descent), the potential number of respiratory infections and corresponding antibiotic use attributable to the CFTR heterozygote state may be substantial. Also, the heterozygote state may contribute to recurrent respiratory infections caused by resistant organisms. Finally, because CF carriers are at higher risk for respiratory infections, presumably due to their CFTR mutations, newly developed CFTR modulators could play a role in treating or preventing respiratory infections in CF carriers. These drugs (eg, ivacaftor) are designed to correct malfunctioning proteins made by specific mutations of the CFTR gene. Such strategies aim to reduce antibiotic use, which in turn could reduce the number of antimicrobial-associated adverse events in this population. Although our results differ from previous studies in that we used a population-based approach, our results are consistent with the few existing studies exploring the risks of infection associated with being a CFTR heterozygote. Raman et al. found that among 58 pediatric patients with chronic rhinosinusitis, a higher proportion of this cohort had single CFTR mutations [19] . Among adults, Wang et al. reported similar findings from a case-control study involving 147 patients diagnosed with chronic rhinosinusitis [12] . The same group reported that when surveying parents of people with CF, respondents reported substantially higher levels of chronic rhinosinusitis than the general population [11] . In addition to sinus infection, nontuberculous mycobacterial pulmonary infections, bronchiectasis [15] , and allergic bronchopulmonary aspergillosis [20] are more common among CF carriers [14, 15] .
Rather than starting with a population defined by a disease (eg, chronic rhinosinusitis), we used a population-based approach to examine the effects of being a CFTR heterozygote on the frequency of respiratory infections. Specifically, we classified subjects at a substantially higher risk of being CFTR carriers and explored respiratory infection-related outcomes compared with control subjects. Our approach allowed us to determine the risk of CFTR status on common respiratory infections compared with controls.
One possible limitation of this study is related to our inability to identify CF carriers with absolute certainty. Only a minority of our cases underwent genetic testing, and our data do not include the type of mutation. For the remainder of presumed CF carrier cases, we identified parents of children with CF or children of mothers with CF. We assume that the parents of record are the actual biological parents. There are situations (eg, remarriages, adoptions, etc.) where the recorded parents are not the biological parents. However, such identification problems should bias our findings toward the null, diluting their significance.
Another limitation to our work is that parents of children with CF might exhibit different health-seeking behaviors. To help control for health care-seeking behavior, we performed additional analyses. The results are not consistent with health-seeking behaviors as a driver of the observed associations. First, we did not find evidence that diagnoses of UTI, an infection not likely associated with CFTR mutations, were more common among CFTR heterozygotes. We also examined hospitalizations for respiratory infections, as hospitalizations are less related to health-seeking behaviors than outpatient visits. Hospitalizations were significantly higher among CFTR heterozygotes than controls. Also, in a model including highly likely carriers who are not parents of individuals with CF, the sample size was not large (359 pairs), but the number of pooled respiratory infections remained significantly higher in cases than controls (57.2%; P = .0135), and the odds of a respiratory hospitalization were significantly higher (OR, 3.4; P = .019). The full results for this subgroup are given in Tables 5 and 6 . Finally, there were no significant differences between cases and controls in terms of comorbidities. Our work is subject to some additional limitations. First, we rely on administrative data to identify infections. However, this should affect the cases and controls similarly. Second, we studied a privately insured population, and most subjects were under the age of 65 years. Accordingly, our results may not be generalizable to other populations (eg, uninsured patients). Third, it may be possible that some of the cases may have mild and thus undetected cases of CF rather than being merely CFTR carriers. CF is usually diagnosed in the first decade of life, but mild cases may be diagnosed later in life [21] [22] [23] . The misclassification of mild CF cases as CFTR heterozygotes could falsely increase the association between CFTR heterozygotes and respiratory infections. Finally, we were unable to control for race/ethnicity, which is associated with CFTR status. Even so, the states of Iowa and South Dakota have a high proportion of people of European ancestry. Thus, the vast majority of our cases and controls are likely of European ancestry.
CONCLUSIONS
Among our relatively young and insured population, we found that presumptive CF carriers had more respiratory infections and used more antimicrobials. Future work using multivariate or hierarchical approaches and other, larger data sets may confirm our findings, help develop criteria for determining who should be tested for CFTR mutations, and help estimate the risk that CF carriers face for specific respiratory infections. Ultimately, such work could lead to new diagnostic and treatment approaches for recurrent respiratory infections among carriers of CFTR mutations.
